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ABSTRACT: Biophysical stimuli including topography play a crucial
role in the regulation of cell morphology, adhesion, migration, and
cytoskeleton organization and have been known to be important in
biomaterials design for tissue engineering. However, little is known
about the individual effects of topographic direction, structure
repetition, and feature size of the substrate on which wound healing
occurs. We report on the design of a topographical gradient with
wavelike features that gradually change in wavelength and amplitude,
which provides an efficient platform for an in vitro wound healing assay
to investigate fibroblast migration. The wound coverage rate was
measured on selected areas with wavelength sizes of 2, 5, and 8 μm in
perpendicular and parallel orientations. Furthermore, a method was
developed to produce independently controlled wavelength and
amplitude and study which parameter has greater influence. Cell movement was guided by topographical properties, with a
lower wrinkle wavelength (2 μm) eliciting the fastest migration speed, and the migration speed increased with decreasing amplitude.
However, when the amplitudes were matched, cells migrated faster on a larger wavelength. This study also highlights the sensitivity
of fibroblasts to the topographic orientation, with cells moving faster in the parallel direction of the topography. The overall behavior
indicated that the wavelength and amplitude both play an important role in directing cell migration. The collective cell migration was
found not to be influenced by altered cell proliferation. These findings provide key insights into topography-triggered cell migration
and indicate the necessity for better understanding of material-directed wound healing for designing bio-inductive biomaterials.

KEYWORDS: topography, gradient, cell migration, biointerface, wound healing

1. INTRODUCTION

The interaction between cells and their environment has been
extensively investigated for several decades in the development
of regenerative medicine and tissue engineering approaches.1 It
is important to study the interaction between cells and the
scaffold on which they reside because it provides an insight
into the regeneration procedure and gives guidance principles
for biomaterials design.2 It has been shown that stimuli such as
extracellular matrix (ECM) proteins,3,4 (bio)chemical signals5

(material composition,6 soluble factors,7 and growth factors8),
and other physical features such as stiffness9,10 and top-
ography11−13 can affect cell morphology, adhesion, migra-
tion,14,15 proliferation,16 and differentiation.17 Among these
cell behaviors, cell migration is a key activity in numerous
physiological and pathological processes such as embryonic
development, angiogenesis, immune surveillance, cancer meta-
stasis, tissue regeneration, and wound healing.18

Dermal wound healing is mainly accomplished through the
coordination of four phases: (1) hemostasis phase; (2)
inflammation phase; (3) cell migration/proliferation; and (4)
remodeling phase.19 Therefore, after the inflammation phase,
fibroblasts residing within the extracellular matrix (ECM) of

various connective tissues are key players in the synthesis and
remodeling of the tissue. These fibroblasts proliferate, migrate
to the wound site, and activate into myofibroblasts, forming
highly organized cytoskeletons through enzyme and protein
secretion to enable contraction and wound closure, which are
critical for matrix synthesis and repair.20,21 The migration of
cells has been shown to be directed by sensing chemical
factors,22 electrical gradients,23 cell−cell contact,24 molecular
signals,25 stiffness,26 and substratum topography.27−31 For
example, individual cells can migrate toward higher ECM
densities or stiffer areas of the substratum.32 Others have
demonstrated that the covering rate of cell-free regions is
maximized on a dense nanotopography, which decreases with
increasing feature size, correlating directly with migration
speed.33 Growth factors can also influence migration in a
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similar way to ECM density or mechanics by controlling the
cell focal adhesion (FA) or contractility and increase
protrusion rates.34 Others have demonstrated that growth
factors stimulate fibroblasts to secrete ECM proteins such as
collagen and fibronectin (FN), but some growth factors such
as PDGF, bFGF, TGF-β2, and TGF-β3 induce scar formation
since they stimulate fibroblasts to excessively produce ECM.35

For effective curing of wound without scar formation, instead
of growth factors, current studies show much interest on
wound dressing scaffolds, which mimic the topography of
ECM to promote dermal wound healing with less scar
formation.36

ECM topography is regarded as crucial in the healing
process as fibroblasts can migrate to the wound area guided by
the local microenvironmental topographical cues via “contact
guidance”37 and their migratory trajectories exhibit directed
movement by “topotaxis”.38 The natural ECM frequently
adopts unique structures with feature sizes ranging from tens of
nanometers to several hundred micrometers.39 Particularly, a
concentric and linear alignment of ECM in specific tissues such
as the skin, heart, bone, nerve, muscle, and tendon exhibits
anisotropic geometrical organization.33 The anisotropic nature
of the morphology of the dermis has previously been shown to
play a crucial role; for example, in the case of a cesarean
section, different instructing incision directions resulted in
different healing efficiencies due to the tension line.40 Aligned
topography is ideal for mimicking the dermis anisotropy and
altering both height (amplitude) and pitch (wavelength)
facilitating the illustration of different “ECM fiber features”.
Current efforts in designing and manipulating synthetic ECMs
with anisotropic properties still face large gaps and limitations
in several aspects. It is required to fully understand cellular
responses toward topographical cues as topography intrinsi-
cally has several features that play a role such as pitch,
amplitude, and directionality, which should be independently
varied and studied. In this study, we describe the design and
manipulation of surface topography gradients that gradually
differ in wavelength and amplitude from nanometer to

micrometer as a model ECM platform for investigating the
relationship between local topography and cellular migration
behaviors. We illustrate the crucial role of the topographic
orientation, amplitude, and wavelength of aligned topography
in dermal wound healing and exemplify these influences on the
speed of fibroblast migration. By decoupling the wavelength
and amplitude, the individual importance of these two
parameters is elucidated. To the best of our knowledge, this
is the first time that such a novel approach was developed to
study the multiparameter influences that topography intrinsi-
cally provides. This study highlights that the topographical
gradient is considered as an important factor for the design and
manipulation of bioengineering devices and for controlling
fundamental biological processes such as wound healing.

2. METHODS
2.1. Poly(dimethylsiloxane) (PDMS) Substrate Preparation.

A PDMS film was prepared by mixing the elastomer and cross-linker
(Sylgard 184, Dow Corning) in a 10:1 ratio by weight. An 18 g
mixture was vigorously stirred with a spatula before it was degassed
under vacuum to remove air bubbles, then poured into a clean 12 ×
12 cm2 polystyrene Petri dish, and subsequently cured at 70 °C
overnight. After curing, the elastomer slab was removed from the dish
and cut into 2 × 2 cm2 substrates.

2.2. Fabrication of Wavelength- and Amplitude-Decoupled
Wrinkle Gradients. 2.2.1. Preparation of Planar PDMS Substrates.
The fabrication process of topography gradients on PDMS is
illustrated in Figure 1A. PDMS was uniaxially stretched 30% from
the original length, and a right-angled triangular prism mask, which is
open on the face side, was placed on top of the PDMS substrate
shielding the surface during plasma oxidation treatment (650 s, 100
mTorr) as described before.41 After oxidation, the strain was released,
which generates aligned wavelike topography gradient with con-
tinuous change in wavelength and amplitude from the beginning to
the end of the open side of the mask.

2.2.2. Imprinting. To overcome the limitation of the amplitude
always being coupled to the wavelength due to the fabrication
method, an imprint method was used to be able to further modify the
topography amplitude by plasma oxidation for a second time. The
topography gradient served as a mold and was placed in a new 2 × 2

Figure 1. (A) Schematic illustration of the preparation of topography gradients with PDMS with variable wavelengths and amplitudes. (B)
Operational flowchart of in vitro wound gap assay that is used to evaluate the use of topography substrate for promoting wound healing.
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cm2 polystyrene Petri dish. According to the method described above,
6 g of the PDMS mixture (prepolymer and cross-linker at a ratio of
10:1) was poured on top and then cured at 70 °C overnight. The
mold and the imprint were separated, leaving an identical wavelike
patterned substrate of nonoxidized PDMS.
2.2.3. Wavelength- and Amplitude-Decoupled Wrinkle Gradient

Substrates. After the substrate was imprinted, as shown in Figure 1A,
a flat mask was used to shield the substrate from plasma oxidation on

the vertical direction and was repositioned to expose more substrate
with each plasma treatment. Various plasma exposure times of 0 s, 20
s, 2 min were used to decrease the amplitude without affecting the
wavelength. This provides a topography gradient with altering
amplitude and wavelength in the initial direction, while in the
perpendicular direction, the wavelength remains the same but the
amplitude is lowered, thereby enabling the decoupling of wavelength

Figure 2. (A) Quantification of wavelength and amplitude of the structured PDMS surfaces prepared by strain-oxidation-release process after the
second-time plasma oxidation (0 s, 20 s, 2 min) to decrease the amplitude. Data are reported as mean ± standard deviation (SD) (n = 30 wrinkles).
The scale bars are 5 μm and apply to all images. (B) Representative AFM images and amplitude curves of the structured PDMS surfaces prepared
by strain-oxidation-release process during different air plasma times. The representative wrinkle profiles are shown with wavelengths and amplitudes
W2A0.6, W2A0.3, W2A0.1, W5A1.4, W5A0.6, W5A0.4, W8A2.4, W8A1.3, W8A0.6.
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and amplitude for use in topography-guided in vitro wound healing
assays.
2.3. Atomic Force Microscopy (AFM) Characterization. AFM

images were obtained using a commercial atomic force microscope
(NanoScope V Dimension 3100 microscope, Veeco) operating in
tapping mode in air. Bruker SCANASYST-AIR (0.4 N/m) and NP
(0.017 N/m) cantilevers made from silicon nitride with silicon tips
were used before each measurement. The wavelength and amplitude
of the wrinkles in these images were analyzed by NanoScope Analysis
software.
2.4. Cell Culture. L929 fibroblast cells (purchased from European

Collection of Authenticated Cell Cultures) were cultured in a regular
growth medium consisting of minimum essential media (MEM)
(Thermo) supplemented with 10% fetal bovine serum (FBS, Gibco,
Thermo) and 1% penicillin/streptomycin. The cultures were
maintained at 37 °C in a fully humidified incubator (Thermo) of
5% CO2 in air. The medium during cell culture was exchanged every 3
days.
2.5. In Vitro Wound Healing Assay. A standard in vitro wound

healing assay was used to evaluate the cell migration rate on different
nanopatterned wrinkles with various wavelengths and amplitudes, as
shown in Figure 1B. PDMS substrates were sterilized using 70%
ethanol and washed three times with sterile phosphate-buffered saline
(PBS) before being placed into six-well culture plates. L929 cells were
seeded at a concentration of 5000/cm2 with MEM onto the
topographic substrates. After 24 h, when the surface was completely
covered by the cells, the scratch method was used. That is, the wound
site was marked at the bottom of a six-well plate by a marker pen and
put a ruler on the top, and then used sterilized yellow tips to generate
a consistent 0.5 mm wound gap. Selected areas with wavelength sizes
of 2, 5, and 8 μm and also wrinkles with decreased amplitude after
second plasma oxidation and flat substrate works as control were used
in perpendicular and parallel orientations, respectively. The wound
gap closure rate of L929 fibroblast cells was measured at 12, 24, 36,
48, 60, and 72 h. At least three representative points along the wound
site were used to evaluate the gap distance in separate samples. Three
independent experiments were performed.
2.6. Time-Lapse Imaging and Single-Cell Trajectory. A Leica

DMIRE2 inverted microscope and a Specifications Solamere confocal
microscope with live-cell imaging system were used to trace fibroblast
movements on different wrinkle surfaces. Imaging was performed in a
controlled environment at 37 °C using a 5% CO2 atmosphere
controller. The images were automatically taken every 12 h. A 5×
phase contrast objective was used to track cell movement every 12 h
over a period of 72 h. The movement of single cells on the wound
edge was monitored automatically every 10 min for 15 h, measured by
ImageJ software, and then analyzed with the Manual Tracking plugin.
The migration speed was calculated by dividing the total cell
migration distance by the migration time.25 Cell trajectory in parallel
and perpendicular directions and cell migration speed were recorded.
Trajectory graphs were generated by using the “Plot_At_Origin”
program.42

2.7. Immunostaining. For the proliferation assay, L929 cells were
seeded at a concentration of 5000/cm2 on the wrinkle gradient to
minimize the influence of cell−cell interaction25 and cultured in
MEM with 10% FBS to achieve cell proliferation. After a cell-free area
was generated, the cells were washed with PBS, fixed with 3.7%
paraformaldehyde (Sigma) solution for 20 min, and subsequently
washed with PBS three times. Afterward, cell membranes were
permeated with a 0.5% Triton X-100 (Sigma) solution for 3 min and
blocked with 5% bovine serum albumin (Sigma) in a PBS solution for
30 min to block nonspecific binding. Afterward, the cells were
incubated with primary antibody against Ki67 (Abcam, ab15580,
1:500) and Vinculin (Sigma, clone hVin-1, 1:100) for 1 h. Then, a
secondary TRITC-labeled or Texas RedX-labeled donkey-anti-rabbit
or goat-anti-mouse antibody (Jackson Immunolab, 1:100, v/v) was
added for 1 h. The nucleus and cytoskeleton were stained using 4′,6-
diamidino-2-phenylindole (DAPI) (Sigma, D9564, 1:500) and
tetramethylrhodamine isothiocyanate (TRITC)-phalloidin, respec-
tively, by incubation for 1 h. Finally, the cells were imaged with a

TissueFAXS microscope (TissueGnostics GmbH, Vienna, Austria) at
10× magnification. To identify, proliferating cells, the percentage of
ki67 positive cells was calculated at time points 12, 24, 36, and 48 h
for all substrates. Next, we counted all cells and the cells positive for
Ki67, Ki67 intensity, and total nuclei number were quantified using
TissueQuest software (TissueGnostics GmbH, Vienna, Austria) to
assess the proliferative characteristics. Vinculin staining was observed
using a LEICA TCS SP2 CLSM equipped with a 63× numerical
aperture (NA) 0.80 water immersion objective. The cell area was
analyzed by TissueQuest software (high-throughput analysis
technique) via fluorescent F-actin-stained cells. Additionally, image
analysis of focal adhesion was done by Focal Adhesion Analysis
Server.43

2.8. Statistics. All data points are expressed as mean ± standard
deviation (SD). Statistical analysis was performed with Origin 9.0
software. All data were analyzed using nonparametric analyses with
Tukey’s test to determine differences between groups. *P < 0.05, **P
< 0.01, and ***P < 0.001.

3. RESULTS

3.1. Wavelength- and Amplitude-Decoupled Top-
ography Gradient Substrate Formation. The topography
gradient that is formed via the stretch-oxidation-release
method using shielded plasma oxidation of PDMS in a
gradient fashion changes from the least exposed side to the
most exposed side displaying a gradual change in amplitude
from 144 to 3000 nm and wavelength from 0.8 to 14 μm, as
shown in Figure 2A. The features obtained were well in line
with our previous work.44 It has to be noted that wrinkle
samples were post-treated with air plasma after wrinkle
formation for 10 min to fully oxidize the surface and thereby
exclude any chemical or stiffness variations. However, the
formation of wrinkles via the strain-plasma oxidation-strain
release method always displays an increasing amplitude with
increasing wavelength. Although this approach has the
potential to provide tremendous insights into topography-
driven processes, it has its limitations in providing information
about cell contact guidance.
We overcame the amplitude/wavelength limitation by

generating an imprint into fresh PDMS that is further modified
by plasma oxidation to decrease the amplitude but keep the
same wavelength, as shown in Figure 2A. This is the first time
that such a novel approach has been developed to generate a
topographical surface with the same wavelength but decreasing
amplitude that facilitates such a multiparameter topography
migration study to identify the individual effects of wavelength
and amplitude.
The gradients with a unidirectional change of amplitude or

wavelength and the combinations of changes in both
parameters provide a biomimetic platform for studying the
effects of surface features on the morphology, proliferation, and
migration of fibroblast cells. This gradient targets more surface
feature parameters simultaneously and thereby provides more
information with fewer experiments with respect to decoupling
the guidance effect of wavelength and amplitude.
We chose three different wrinkle sizes (2, 5, 8 μm) for the

migration study combined with plasma oxidation treatment for
0 s, 20 s, and 2 min, to decrease the amplitude. The wrinkle
geometries were visualized using AFM, with measurements
acquired after the second plasma oxidation (post-treatment).
The representative AFM images are shown in Figure 2B. The
topography features obtained are wrinkles of wavelength (W in
μm) 2 μm with amplitudes (A in nm) (A) 620 nm, W: 5 μm
with A: 1400 nm, and W: 8 μm with A: 2400 nm (W2A0.6,
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W5A1.4, and W8A2.4). After plasma oxidation treatment for
20 s and 2 min, the topography features are W: 2 μm with A:
310 and 140 nm; W: 5 μm with A: 630 and 400 nm; and W: 8
μm with A: 1300 and 610 nm (W2A0.3, W2A0.1; W5A0.6,
W5A0.4; and W8A1.3, W8A0.6, respectively). Notably, the
substrate with the combined parameters makes it easy to
compare the guidance effect of the same wrinkle size with
different amplitudes and the same amplitude with different
wavelengths to decouple the guidance effects of wavelength
and amplitude at the same time. During the topography
preparation process, hundreds of combinations were gener-
ated, providing the opportunity to select features of the same
wavelength and different amplitudes and vice versa. The ratio
of amplitude to wavelength (surface aspect ratio, reported
further as SAR) for different wavelike wrinkles is plotted in
Supporting Information Figure S1. After the second plasma
treatment for 20 s and 2 min, the amplitude decreased
compared to the original features (0 s). When the amplitude is
decreasing while the wavelength remains the same, SAR will
increase. On the contrary, after time 0 s, W2A0.6, W5A1.4, and
W8A2.4; after 20 s, W2A0.3, W5A0.6, and W8A1.3; and after 2
min, W2A0.1, W5A0.4, and W8A0.6, showed no significant
difference.
3.2. Topography Size and Direction Affect Migration

Speeds. Studies now show that topography significantly
affects the morphology and the migration of living cells, which
is known as contact guidance.45 For a better understanding of
the contact guidance and the wound healing procedure, the
standardized and frequently used L929 fibroblast cell was used
to study migration behaviors which were observed by time-
lapse imaging. For a quantitative evaluation of contact
guidance, the rate of repopulating the generated cell-free area
was analyzed by measuring the area of the cell-free region
reoccupied by the fibroblasts.
Except for the wrinkle wavelength and amplitude, another

essential factor investigated was the cell migration with respect
to the orientation of the topography as it has been previously
reported that due to the anisotropic nature of dermis
morphology, the incision direction parallel to the skin tension
line presented smaller scar formation and better healing.36 The
overall approach is shown in Figure 1B, in which a cell-free
area was generated on the gradient surface via the scratch
method. And cell migration studies were evaluated on cells to
move along the topography direction and orthogonally to the
topographies. A scratch made parallel (Pa) to the topography
direction induces cellular migration orthogonally to the
topographies, while a scratch made in the perpendicular
(Per) direction induces cellular migration that follows a path in
the same direction as the topographies. As the time-lapse
imaging results illustrate, the scratch direction perpendicular to
the wrinkle direction shows different wound healing behaviors
in terms of the coverage rate of closing the cell-free area
compared to the parallel scratch. After 60 h, the perpendicular
scratch displayed a more considerable cell area coverage
(greater scratch area closure) compared to the parallel and flat
cases, as shown in Figure 3A, and the enlarged image of the
wound closure rate after 60 h cell movement. This observation
indicates that migration in line with the direction of the
topography is faster than when the cells need to “climb over”
the topographies, and when the orientation is considered, the
topography is able to both stimulate and inhibit migration
compared to the migration on a planar substrate. The covering
rate of cells on the parallel patterns is slower than on the flat

surface, while the perpendicular patterns induce faster
coverage. Specifically, the fastest cell migration rate was
observed on the lower wavelength (W2A0.6) and decreased
with increasing wavelength (W8A2.4).

3.3. Topography Does Not Alter Proliferative Behav-
ior. For a better understanding of whether the different wound
closure behaviors were associated with cell proliferation, a
proliferation assay was used. A quantitative analysis of Ki67
positively stained cells was performed on the wound edge by
observing the immunofluorescence of Ki67 expression to
compare the proliferation potentials. After L929 cells migrate
into the cell-free area for 12, 24, 36, and 48 h, the cells were
fixed and immunostaining of Ki67 was performed labeling the
proliferative cells (green), while all cell nuclei were stained
using DAPI (blue). Representative images are shown in Figure
4A, where no prominent differences on different wrinkle
surfaces were observed.
Quantitative results of percentage of Ki67 positive cells

shown in Figure 4B indicate that there was no difference in the
number of proliferating cells between the different top-
ographies at any time point. In addition, cell density on each
surface was also examined by dividing the total number of cells
on the wrinkle surface by the surface area they covered. As
Figure 4C indicates, no differences were observed in cell
density across the different topographies. Therefore, we
concluded that the cells adjacent to the edge of the wound
were not alternatively induced to proliferate but rather that the

Figure 3. Effects of topographic orientation and wrinkle wavelength
on dictating cellular responses for re-covering cell-free area. (A)
Schematic of parallel and perpendicular cell migration patterns and
representative microscopic images of cell-free region closure across
time for assessing in vitro migration rate with respect to the
orientation and wrinkle size and the enlarged image after 60 h wound
closer. (B) Quantification of % area covered by fibroblasts for each
orientation and wrinkle size across time. (*P < 0.05, **P < 0.01).
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mechanisms underlying the wound closure were driven by
effective cell movement.
3.4. Cell Migration Is Affected by Wavelength,

Amplitude, and Orientation. For a better understanding
of the individual guidance effect of wavelength and amplitude,
in vitro wound healing assays were performed on topographies
where amplitude and wavelength were individually altered to
investigate how the wound gap closure rate was affected by
both individual features and if migration direction continues to
play a role (Figure 5). We decreased the amplitude while
maintaining the same wavelength by controlling the degree of
plasma oxidation. We chose three different wrinkle sizes with
wavelengths and amplitudes of W2A0.6, W2A0.3, W2A0.1,
W5A1.4, W5A0.6, W5A0.4, W8A2.4, W8A1.3, and W8A0.6,
which made it possible to compare the individual effect of
wavelength and amplitude. Every wavelength was accompanied
by a decreasing amplitude; W2A0.6, W5A0.6, and W8A0.6
were used to compare what occurs when the amplitude
remains the same but the wavelength is altered.
Representative images are shown in Figure 5A for 24 h cell

coverage after scratching. Comparing the various samples,
generally, the 2 μm wavelength showed the greatest degree of
final coverage, and for both the scratches in the parallel and
perpendicular directions, the degree of coverage increased with
decreasing amplitude. The migration was followed over time
and wound gap closure was quantified for all topographic
combinations, for both migration directions, to identify which
feature was most dominant in regulating the migration (Figure
5B−G). The largest differences between migration behaviors
were observed for the situations in the parallel direction
(Figure 5B−D). The extreme difference is between W8A2.4

and W2A0.1, where the difference in the wound closing
percentage becomes more apparent going from 12 to 48 h.
From Figure 5D, it is clearly observed that lower wavelength
and decreased amplitude both increased the percentage of
closure achieved by the cells. This behavior is not as apparent
when studying the movement of the cells that were following
the direction of the topography, perpendicular scratch (Figure
5E−G). Under these conditions, the differences are observable
with an increasing closure percentage with decreasing wave-
length and amplitude. Comparing Figure 5D,G, it can be said
that wound closure is facilitated when cells migrate following
the perpendicular scratch. It has to be noted that the lowering
of the wavelength as shown in Figure 5B−G in each row is also
associated with a decrease in amplitude, making it difficult to
conclude that wavelength has a pronounced effect. For making
such a conclusion, it would be necessary to have surfaces with
the same amplitude but different wavelengths. To identify the
true influence of wavelength rather than a wavelength coupled
to an amplitude, the diagonal vector (W2 0 s, W5 20 s, W8 2
min) within each plot in Figure 5B−G provides important
insights, as these were designed to match in amplitude
(W2A0.6, W5A0.6, W8A0.6).

3.5. Increasing Wavelength Increases Cell-Free Area
Coverage. To illustrate the contribution of wavelength to the
rate of wound gap closure, cell behaviors were investigated
using wrinkle surfaces with the same amplitude but with
different wavelengths (W2A0.6, W5A0.6, and W8A0.6).
Interestingly, substrates with different wavelengths but the
same amplitude (Figure 6) exhibited significant differences
between each other. Unlike the increase in wound healing rate
that was found for topography W2A0.6 compared to the rate

Figure 4. Ki67 proliferation assay. (A) Representative images of the wound border on the different wrinkle size in parallel and perpendicular
directions. Proliferating Ki67 positive cells were stained in green. Cell nuclei were counterstained in blue (DAPI). (B) Average percentage of Ki67
positive cells and (C) cell density at each time point. The scale bar is 200 μm.
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on W8A2.4, as might have been concluded from Figure 5,
when the amplitudes were maintained, the wound healing rate
showed a decreasing rate going from W8A0.6 to W2A0.6.
When the wavelengths are the same, fibroblast cells appear to
move faster on the topographies with decreased amplitude, but
when the wrinkle amplitudes are the same, fibroblasts move
faster on the topographies with larger wavelengths. In all cases,
the coverage rate was equal to or higher than those on the flat
substrates, indicating that it is not a matter of creating a more
flatlike topography.

3.6. Single-Cell Trajectory and Migration Speed Are
Affected by Topography. The mobility of fibroblasts
depends intrinsically on cell−material interactions. Although
wrinkle wavelength and amplitude both play an essential role
in regulating the wound closure rate, it cannot automatically be
concluded that the parameters that regulate migration speed
contribute to wound closure. The cell migration trajectories are
also the dependent factors for regulating wound closure. The
same speed but a more diffuse trajectory could provide the
same wound close rate as having the same trajectory but
different migration speeds. Detailed migration pathways of 40
representative cells were analyzed by in situ tracking the
trajectories of individual cells on both sides of the wound edge.
Hereby, substrates W2A0.1, W2A0.6, and W8A0.6 on the
parallel and perpendicular directions were used that enabled
the comparison between the same wavelengths but different
amplitudes and the same amplitudes with varying wavelengths,
respectively. The movement trajectories were reconstructed
into a two-dimensional graphic by setting the starting position
on the wound edge from both sides of the wound as the origin
coordinates (0, 0) (Figure 7A). The end points of trajectories
were shown as below and analyzed by the Rayleigh test as used
in previous studies.46,47

In general, when looking at the movement of the cells, a long
distance is traveled from the wound edge under conditions
with the same amplitude but higher wavelength (W8A0.6 vs
W2A0.6) and a short distance is traveled from the wound edge
into the wound area when the wavelength remains the same
but the amplitude is increased (W8A0.6 vs W8A2.4). The
movement of cells on the higher wavelength with decreased

Figure 5. Results of in vitro wound healing assay on chosen substrates in parallel and perpendicular directions. (A) Representative microscopic
images of in vitro migration on chosen surface in parallel and perpendicular directions at 24 h. Quantification of covered area by fibroblasts (B−D)
in parallel direction and (E−G) in perpendicular direction to investigate the individual effect of wrinkle wavelength and amplitude on wound
healing at 12, 24, and 48 h after the cell-free area was generated. The scale bar is 200 μm.

Figure 6. Quantification of covered area by fibroblasts on wrinkle
surface with the same amplitude in parallel and perpendicular
directions at 12, 24, 36, and 48 h. (*P < 0.05, **P < 0.01).
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wavelength (W8A0.6) topographies displayed a further spread
distance (Figure 7A) and presented the highest speed (Figure

7B) and therefore was able to close the wound gap more
efficiently. Interestingly, cells that migrate along the top-

Figure 7.Migration traces of single cell and cell movement speed at the wound edge. (A) Movement plots of the continuous tracking activity of 40
representative cells on wound edge every 10 min for 15 h on different wrinkle surface samples. Cell migration was investigated with same amplitude
but different wavelengths and same wavelength but different amplitudes. (B) Statistical migration rate fibroblasts on different wrinkles (*P < 0.05,
**P < 0.01, ***P < 0.001); n = 40.

Figure 8. Immunofluorescence staining of L929 cells grown on flat, W8A0.6, W2A0.6, and W8A2.4 substrates for 24 h. (A) Cells were stained for
DAPI (nucleus, blue), F-actin (red), and vinculin (green). The scale bar for all images is 50 μm. Quantification of the expression of cell area (B),
nuclear area (C), and FA area (D) in cells cultured for 24 h, normalized by cell number. Data are shown as mean ± standard deviation (SD), and
*P < 0.05, **P < 0.01.
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ography direction have very different wound closure rates, but
the migration speed displayed no significant difference
(W2A0.6-Per vs W8A2.4Per). Even though the speed of
migration is the same on both surfaces, the more concentrated
movement causes faster wound closure as seen on W2A0.6, as
was reflected in Figure 5F.
From time-lapse tracking, the average migration speeds were

determined for different topographies and different migration
directions with respect to the topography (Figure 7B). In
general, migration speed in the perpendicular direction along
the topographies is higher than that in the parallel direction.
Both amplitude and wavelength had an effect on the migration
speed. When the amplitude is kept the same, a higher
wavelength will increase the speed. However, when the
wavelength is kept the same, a decreased amplitude will
increase the speed, at least in the case when cells migrate
across the topography. In the case of migration in the same
direction as the topography, the highest speed is found with
lower amplitude and higher wavelength, indicating that
reduction of the wavelength and increase of the amplitude
have similar effects on the cellular migration speed. The
differences in the rates of wound closure in these instances
originate from the changes in the migration trajectory. The
highest cell migration speed was found for W8A0.6-Per (∼0.46
μm/min), while the lowest speed was found for W8A2.4-Pa
(∼0.13 μm/min).
3.7. Cell Morphology and Focal Adhesion Distribu-

tion Affected by Wrinkle Topography. Based on our
results demonstrating the significant difference of cell
migration behavior on the wrinkle substrate, we investigated
the interaction between cells and topography from the cell
morphology and focal adhesion (FA) distribution of cells. FAs
are adhesion plaques formed by an assembling complex of
integrins and proteins and plays a critical role in cell adhesion
and migration.48 To investigate detailed cell morphology and
focal adhesion distribution of L929, cells were immunostained
for the nucleus, cytoskeleton, and vinculin. The fluorescent
images were obtained by confocal laser scanning microscopy
(CLSM) after 24 h of cell seeding on the topographies,
W8A0.6, W2A0.6, W8A2.4, and the flat control.
As shown in Figure 8A, differences in cell morphology and

focal adhesion distribution were observed. Fibroblast cells on
the flat substrate had bigger cell spreading area than on the
topography substrates, while the average single nucleus area
showed no significant difference as illustrated by the
quantitative data displayed in Figure 8B,C. These results
demonstrate that flat substrate and the absence of specific
topography might allow cells to have enough space to form
stress fibers in various directions. As for the FAs, the flat and
W8A2.4 substrate showed more well-defined dashlike vinculin
spots (typically regarded as mature focal adhesions) than
others. To analyze the effects on the FA distribution of cells by
nanotopographical patterns in further detail, we performed a
quantitative analysis of the FA area per cell, shown in Figure
8D. Flat and W8A2.4 facilitated additional adhesion sites, and
the focal adhesions are more spread. In comparison, such focal
adhesions were less observed for cells on the W8A0.6 and
W2A0.6 patterns. Furthermore, the W8A0.6 pattern showed
less FA than W2A0.6. As previously reported in the literature,
too much expressed focal adhesion may retard cell migration.33

The nanotopographical (600 nm amplitude) substrates
displayed less FA area, which is likely to be correlated with
the trend of cell migration speeds.

4. DISCUSSION

In this study, the principal aim was to examine fibroblast
migration behaviors in response to wavelike topography cues
and the parameters thereof, namely, amplitude, wavelength,
and direction, and its possible function in dermal wound
healing. The migration results indicate that fibroblast cells were
sensitive to topographic dimensions of both the wavelength
and amplitude, and that it further depends on the topo-
graphical orientation with respect to the anisotropy of the
topography. When the wavelengths are the same, the cells
stimulated to close the wound gap faster with a smaller
amplitude. The lower wavelength, here 2 μm, with decreased
amplitude showed the best wound healing effect. However,
when the amplitudes are the same, the cells prefer to close the
wound faster with larger wavelengths. The observed effects
were not due to accelerating cell proliferation but caused by
topography-driven collective cell migration.
Controlling cell−topography interactions is pivotal for

synthetic ECM scaffold in dermal wound healing. However,
there are still some limitations to understand the relevant
contribution of these cues on the observed cellular migration
response. In this study, for the first time, such a novel approach
was developed, which uniquely decouples topography
parameters, such as the wavelength and amplitude, for studying
the multiparameter influences of the cell movement through
contact guidance. Arrays of parallel wavelike wrinkles were
developed that gradually differ in wavelength and amplitude
from nanometer to micrometer as a model ECM platform for
investigating the relationship between local topography and
cellular migration behaviors. In contrast to individual top-
ography substrates, the nanotopography gradients target more
surface feature parameters simultaneously and provide a
superior data collection with fewer experiments.49 These
powerful cues can be used to define fibroblast cell velocity and
proliferation and control cell migration paths on the cell-free
area, which can be used to both mimic the complexity of in
vivo conditions and as a model to design novel tissue
properties.
According to previous fibroblast migration studies, fibro-

blasts were polarized and migrated following topographical
anisotropy, and the maximum migration speed was found in
spacing ratios similar to those of the ECM fibers.50 The
topographical dimension range used in this study represents a
similar range of dimensions to those of individual collagen fiber
bundles present in the native ECM,51 which range from several
hundred nanometers to 400 μm in diameter depending on the
tissue type. Furthermore, the substrate patterns used in the
previous work are frequently used with topographic ridges and
grooves52,53 with right angles and sharp ridges. In our study,
the substrate used has a wavelike wrinkle surface with a
semicircular shape, which mimics more closely the collagen
fibers in ECM and therefore represents a more biologically
relevant approach to study the natural wound recovery
procedure or potential scars generated by wound healing.
In this study, the decoupled guidance effect of wavelength

and amplitude was investigated on the same substrates in an
efficient way. Previous cell migration studies show that
substrates with different groove depths but the same width
exhibit a significant difference of migration and those with
various groove widths but the same depth showed negligible
differences.54 Our work underlines that in topographical cues,
wavelength and amplitude both play an important role in the
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wound healing process as we do observe differences for both
intrinsic parameters. When the wavelengths are the same, the
cell moves more efficiently on the smaller amplitude surface
from their initial positions, while generally, the 2 μm
wavelength with decreased amplitude shows the best closing
effect. However, when the amplitudes are the same, the cell
prefers to move faster on the surface with larger wavelength.
Previous studies have demonstrated that cell motility is
sensitive to the aspect ratio or the effects of slopes of nano−
micro-patterns.55,56 In this study, when the wavelength keeps
the same but amplitude decreases (W2A0.6 vs W2A0.3 vs
W2A0.1), the aspect ratio (shown in Supporting Information
Figure S1) will increase and show a higher wound closure rate,
which is concluded from Figure 4. However, compared to
W2A0.6 vs W5A1.4 vs W8A2.4, the wound closure rate was
not the same as in Figure 4, but the aspect ratio showed no
significant difference. This indicated that the aspect ratio has
an influence on cell migration to a certain degree but may not
be the main reason. Additionally, due to the anisotropic nature
of dermis morphology,57 it emphasizes that the effect of surface
topography orientation significantly affects the capacity of cells
to recover a generated cell-free area. Our work underlines that
both parameters, wavelength and amplitude, can affect cell
movement and that it further depends on the migration
direction. Several works indicate that different ECMs alter cell
proliferation.58,59 In the current in vitro wound healing study,
the proliferation rate and cell division were not different on
wavelike topographies; thus, the filling rate of the cell-free area
was primarily governed by effective cell migration.
The single-cell trajectories and migration rates on various

surfaces at the wound edge were recorded (Figure 7) by a
time-lapse microscope during 15 h culture time after cell-free
areas were generated. As shown in Figure 7B, the cell migration
rate is influenced by both wavelength and amplitude. The
highest migration rate was found on W8A0.6-Per at a rate of
0.46 μm/min, and the speed is significantly enhanced
compared to other surfaces. The lowest speed was found for
W8A2.4-Pa (∼0.13 μm/min). However, the cell speed on
W2A0.6 and W8A2.4 showed no significant difference, while
the wound closure rate was different, which is revealed in
Figure 5. The cell movements under all of the conditions
revealed that cell group spreading area (circles in Figure 7A)
was enhanced in W8A0.6-Pa compared to W2A0.6-Pa and
W8A2.4-Pa and showed the same trend in the perpendicular
direction. These results confirm that the wound closure rate
was slower at lower wavelengths when the amplitude was the
same and faster at higher wavelengths when the amplitude was
the same, which is in good agreement with the cell coverage
experiment, as shown in Figures 3 and 5. These results suggest
that single-cell migration and group-cell migration both matter
for the cell recruitment procedure. Also, the cell movement
was not completely random on the substrate and the fibroblast
cells directionally move to the cell-free area, which confirm that
the migration direction is guided by the substrate.
It has been established that ECM plays a crucial role in

regulating cell migration, and cells sense and respond to the
mechanical properties of the ECM. For instance, a number of
surface-immobilized proteins such as fibronectin (FN) and
laminin could act as biochemical cues and accurately regulate
cell migration.60 Furthermore, some materials like bioglass can
stimulate fibroblasts to accelerate wound healing by secreting
more bioactive growth factors and proteins like collagen I and
fibronectin.61 Cells interacting with the substrate surface is a

dynamic process involving adhesion and migration. Previous
research characterized that nanotopographic surfaces promote
cell migration through the regulation of focal adhesion via focal
adhesion kinase (FAK)/Rac1 activation.30 Some others
concluded that topography regulates cell adhesion, prolifer-
ation, and self-renewal involving mechanosensory integrin-
mediated cell−matrix adhesion, myosin II, and E-cadherin.62

Our work strongly confirmed the sensitivity of fibroblasts to
topographical stimuli, which presents strong evidence for the
importance of considering topographical factors in designing
new wound healing approaches and treatments. For a better
understanding of the role of topographical stimuli in the
wound healing procedure, cell morphology, cytoskeletal
organization, focal adhesion (FA), ECM protein expression,
and mechanotransduction need to be further investigated. The
method presented here would be a useful tool for the
investigation of the role of various geometrical factors such as
orientation and topographical cues that come into play in a
combined fashion. The guidance effect on the cell−material
interfaces is proposed as a crucial factor for the design and
manipulation of bioengineering devices to promote wound
healing and tissue repair.

5. CONCLUSIONS
In this study, we presented a topographically patterned
substrate of variable local wavelength and amplitude in a
single substrate as a novel platform for studying the guidance
of fibroblast migration in an in vitro wound healing procedure.
The substrate was fabricated by a combination of plasma
oxidation and imprinting methods, which provides a simple
and efficient way to investigate topography guidance effects on
cell migration. This migration study indicates that cells can
recognize the topographic dimensions of surface wrinkles,
resulting in differences in the migration behavior. The
wavelength/amplitude-decoupled guidance effect was inves-
tigated for the first time. When the wavelengths are the same,
the cells are stimulated to close the wound gap faster when the
amplitude is lower. The lower wavelength, here 2 μm with
decreased amplitude, showed the best wound healing effect.
However, when the amplitudes are the same, the wound closed
faster with larger wavelengths. Furthermore, the fibroblast
migration behaviors are influenced by the topographical
orientation. The observed effects were not due to accelerating
cell proliferation but caused by topography-driven collective
cell migration. These findings suggest that for in vitro wound
healing procedure, the topography of materials is essential, and
both wrinkle wavelength and amplitude design should be
considered. The topography of substrates may give guidance in
designing biomedical implants and optimal wound dressings
and skin engineering scaffolds.
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